In the present numerical study laminar oxygen-enhanced and oxyfuel CH 4 /N 2 -O 2 /N 2 non-premixed flames were systematically investigated in counter-flow configuration. The compositions of the fuel and the oxidizer stream were chosen in a way, which allows a study of the flame structure at different flame temperatures in a range of approximately 1800-3000 K at constant stoichiometric mixture fraction of st = 0.2. The calculations were performed with the GRI 3.0 as a base kinetic mechanism, while selected cases were also investigated with the Appel et al. mechanism and the GDFkin ® 3.0. The flame structure, extinction and flame broadening effects were investigated for various strain rates by analysing the heat release rate and temperature profiles. Four different heat release rate zones were identified, namely the radical chain branching, the main water and carbon dioxide formation, the fuel oxidation and the fuel pyrolysis zone. While those zones overlap in case of air-combustion, a separation accompanied by a flame broadening is found in oxygen-enhanced flames as a result of the higher flame temperatures. The four heat release zones get affected dissimilarly by increased oxygen content and flame temperature, while the flame broadening is dominated by the shift of the radical branching zone towards the oxidizer side. A comparison between air combustion and pure oxygen combustion shows that the flame is broadened by a factor of approximately 10 as long as the flame conditions are not close to the extinction limits. With increasing strain rate flame extinction starts from the oxidizer side. An increased radical pool and temperature level in the chain branching zone extents the extinction limits towards higher strain rates in oxygen-enhanced flames. On the fuel side, the increased oxygen-content with the associated higher temperature level leads to a strong endothermic zone and an intense activation of the C 2 -pathway.
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Introduction
In most combustion processes air is used as the oxidizer. In several fields oxygenenhanced combustion (OEC) is used e.g. in high temperature thermal or thermochemical processes, novel power plant concepts or in gasification processes. It provides significantly higher flame temperatures and it exhibits advantages as increased thermal efficiency, higher processing rates, reduced flue gas volumes and reduced pollutant emissions at higher oxygen concentrations [1] . Especially in gasification processes oxy-fuel combustion plays an important role, while CO 2 -dilution may be applied in parallel as indicated in several studies, e.g. [2] [3] [4] [5] .
In order to analyze the flame front and its structure, the local heat release rate (HRR) is an adequate indicator [6, 7] . A few investigations of HRR in counter flow non-premixed flames with air and OEC conditions were performed in the past. The structure of N 2 -diluted CH 4 /N 2 -O 2 /N 2 flames for various strain rates were investigated in [8] at temperature levels typical for air combustion. Two HRR peaks were found and 8 main contributing reactions were identified, which are similar to premixed combustion. Skeen et al. classified in [9] four overlapping HRR zones in oxygen-enhanced C 2 H 4 -flames at the same adiabatic flame temperature of 2300 K. An increasing of the stoichiometric mixture fraction st showed a shift in the temperature profile to the oxidizer side, which is induced by two displaced heat sources. De Leo et al. [10] visualized the OH * -and CH * -chemiluminescence in OEC methane counter flow flames. The axial separation of the OH * -and CH Among others, they calculated the maximum flame temperature for various scalar dissipation rates and found extinction limits at approximately 1600 K.
Kim and Williams [12] evaluated characteristic diffusion times in counter-flow flames. Three distinct layers were identified in the viscous layer. Through the analysis of the three layers relationships between stoichiometric flame temperature, mixture fraction and strain rate could be derived allowing a description of flame structure and extinction.
Extinction limits and mechanism were investigated for CH 4 -N 2 -O 2 flames at constant adiabatic flame temperature and varying stoichiometric mixture fractions st in [13] . At increased st , the flame extinction limits are wider due to a shift of the radical branching zone location in higher temperature regimes. Similar conclusions were found by Chen and Axelbaum [14] for OEC at a constant adiabatic flame temperature of 2250 K, where an increasing of the st leads to higher extinction limits. In both studies important radicals and reactions are identified, which can be assigned to the radical chain branching zone. Similar reactions were identified by Masri et al. [15] for the case of H 2 /CO fueled flames. A detailed study of the relationships between scalar dissipation rate , the adiabatic flame temperature T and the stoichiometric mixture fraction st were examined by Grudno and Seshadri [16] . They found that the extinction limits increase with increased stoichiometric mixture fraction and constant stoichiometric temperature, which is attributed to larger temperature gradients and higher various species concentrations on the oxidizer side. Additionally, an increase of the chemical time in the flame sheet by lowering the stoichiometric flame temperature leads to a decrease of the extinction strain rate at the same rate. They also showed that the extinction limits increase non-linearly with increasing flame temperature at constant stoichiometric mixture fraction (here st = 0.15).
Furthermore, soot and its precursors in OEC flames were scope of several investigations. Cheng et al. [17] conducted experimental and numerical studies on OEC counter flow diffusion flames and resolved major species and temperature profiles and reported strong dependence of soot and its precursors at higher temperature in OEC flames. A more detailed analysis of this phenomenon is given by Du and Axelbaum [18] and by Skeen et al. [19] for the case of C 2 H 4 -N 2 -O 2 flames.
They show that a change in the flame structure caused either by different flame temperatures or st drastically affects the C 2 -chemistry. Low flame temperatures and high st reduce the soot-inception. Park et al. mentioned in [20] , that in oxyfuel combustion, in comparison to air-combustion, the C 2 -pathway is much more dominant and the reactions for the fuel conversion from C 1 -and C 2 -branch are activated. Beltrame et al. confirmed in [21] a significantly enhanced fuel pyrolysis in oxy-fuel conditions. 
Here, the mixture fraction is derived from C, H and O elements, where and are the element mass fractions and the atomic masses for the elements carbon, hydrogen and oxygen and the subscripts 1 and 2 refer to values in the fuel and air streams, respectively [22] .
The amount of nitrogen on the oxidizer side was stepwise increased to air combustion (flame A), while on the fuel side nitrogen was added until st = 0.2 was established. With this approach, the flame temperature increases from flame A to F at a constant st . The flames A to F are marked in Figure 1 , where possible stoichiometric mixture fractions depending on the molar nitrogen dilution are shown.
Most studies [9, 13, 14, 19] focused on a constant adiabatic flame temperature of approximately 2250 K and varying the stoichiometric mixture fraction by shifting the dilution from oxidizer to fuel side. The present study places emphasis on the effects of temperature and hence on modifying the diffusivity properties inside the flame. The flame structure is systematically investigated by analyzing the HRR profile in an adiabatic flame temperature range of 1800-3000 K (from air to oxy-fuel combustion). Since the diffusivity scales with the temperature in the following way ∼ 1.75 [23] , the global diffusivity scales with a factor of approximately 2 from a temperature of 2037 K in flame A to 3052 K in flame F. Additionally, the variation of the strain rate was used in order to analyze global extinction mechanisms based on the HRR and temperature profiles. 
Numerical approach
The following numerical counter flame calculations were performed with the commercial software package CHEMKIN 4.5. The counter flame code was originally developed for premixed flames by Kee et al. [24] and adapted for non-premixed flames by Lutz et al. [25] . For all calculations the GRI 3.0 was used as a base kinetic mechanism in the calculations [26] , consisting of 53 species and 325 reactions. In addition, selected cases were calculated with the mechanism of Appel et al. [27] (101 species and 544 reactions) and the GDFkin ® 3.0 [28] (119 species and 883 reactions) with their specific thermal and transport databases in order to investigate the possible effects of the applied mechanism on the flame structure. The mechanisms were chosen by the reason of including detailed C 2 -chemistry. Appel's mechanism was successfully applied in similar oxygen-enhanced cases [9, 19, 29] .
Highly CO 2 -diluted-flames [30] as well as biogas/syngas-air-flames [31] were accurately calculated with the GDFkin ® 3.0.
An adaptive grid with more than 400 points was used as a result of a grid independency study. The diffusion transport was modeled with the full multicomponent approach and thermal diffusion was included by the reason of high temperature regime near 3000 K [32] . All calculations were carried out at atmospheric pressure and inlet gas temperatures of 300 K. 
Results and discussion
In the following section, first, the identification of the different HRR zones and their most significant reactions are presented. Then, the temperature influence on the heat release structure and the position of the different HRR zones and extinction limits are investigated. Further, the flame broadening in oxygen-enhanced flames is analyzed in both the mixture fraction and physical space. Since significant HRRs are only found in a mixture fraction range of 0 < < 0.6, the data is presented in this range. Some phenomena are discussed for the selected case flame at strain rate of = 16 s −1 by the reason of representing a target flame for typical gasification processes [33] .
HRR with increased temperature and strain rate
Here, the focus was on flames with six different mixture inlet compositions at constant st and strain rate. By decreasing the feed amount of nitrogen on fuel and oxidizer side, the maximum flame temperature is consequently increased. The HRR as well as the temperature of the flames over the mixture fraction for a strain rate of = 16 s −1 is illustrated in Figure 2 .
In non-premixed flames different HRR peaks are observed, which change its appearance with increased oxygen content and hence flame temperature. A negative peak is found on the fuel rich side; in high temperature flames this peak becomes more distinct. Towards the oxidizer side, a sharp peak is recognized, followed by a smaller and wider peak, which is split at higher temperatures. With increasing the maximum flame temperature, the flame broadens significantly in mixture fraction space (and since the strain rate was kept constant, the same is true for the physical space).
The effect of the strain rate on the HRR is shown in Figure 3 for flame D. At low strain rates the fuel has enough residence time, whereby strong endothermic reactions take place and a more distinctive negative HRR can be observed due to low flow and chemical time scales at the fuel side [11] . At high strain rates the first and the second peak on the oxidizer side decrease. The flame temperatures decrease in total with the strain rate and the peak shifts to the fuel side. 
Identification of HRR zones
In order to identify the HRR zones, the flames A-F (Table 1) In the first zone, from oxidizer to fuel side, the radical chain branching in the H-O-system takes place, where important radicals (O, H, OH and HO 2 ) are generated and the oxygen molecule is destructed (zone 1). In the second zone, the complete combustion products water and carbon dioxide are formed. The third zone represents the high temperature oxidation of the fuel, where intermediate species like CH, HCO and CH 2 O can be found. The fuel is pyrolysed in the fourth zone, where mainly the methyl radical is formed and its recombination reactions take place. The analysis of the responsible reactions along the flame leads to similar results as presented by Skeen et al. in [9] . In addition, an analogy to asymptotic analysis [11, 12, 16] can be drawn, where the flames are separated in an oxidation layer, which represents zone 1 and zone 2, and the inner layer, which represents zone 3 and zone 4.
The HRR over mixture fraction space may be analyzed by considering only the important reaction sub-sets of each of the four identified zones. The most contributing reactions to the HRR were chosen in a way, that the integral (based on absolute values) of the replication possessed at least 70% of the total HRR.
In the following, the elementary reactions are numbered according to their sequence of the GRI 3.0 mechanism. In zone 1, the reactions were identified to be the main contributors to the HRR. The only significant endothermic contribution comes from reaction #38, which increases the radical pool of O and OH and consumes oxygen. This reaction is most important for the radical chain branching with a high activation energy [34] . Reactions #35 and #287 form water and lead to an exothermic HRR within the oxidizer side. contribute significant to the HRR, where reaction #84 overlaps with zone 3 with endothermic contribution. The impact of reaction #99 on the total HRR for oxyfuel conditions is negligible.
In zone 3, the high temperature fuel oxidation, multiple different reaction pathways interact. The resulting main route is strongly dependent on the boundary conditions and shows significant differences starting from air combustion and moving towards oxy-fuel conditions [20] . However, the following reactions were considered for zone 3 and listed below by reaction pathways:
#3 : O + H 2 ↔ H + OH
The reaction is expected to be present in zone 1 due to the nature of radical branching. However, the heat release of this reaction is located in zone 3 in all flames due to the high H 2 -concentration located on the fuel side.
The main pathways of methane oxidation resulting in the major part of the HRR follow two different routes of C 1 -chemistry over (a) methyl → formaldehyde → formyl and (b) methyl → methylene → methylidin [35] . For the first pathway (a) the following reactions were considered: 
is also included and gets more prominent in oxy-fuel combustion [20] .
The pyrolysis of the fuel is located in zone 4, where methyl is formed and its recombination reactions take place starting with the main decomposition of the fuel in reaction
#52 : H + CH 3 (+M) ↔ CH 4 (+M).
Other contributing reactions to the HRR are
However, it can be shown, that a small amount of reactions contribute to the total HRR in zone 1, 2 and 4. The main methane oxidation (zone 3) cannot be completely covered by only a few reactions. The superposition of the HRRs of all 4 reaction sub-sets fits almost the total HRR, which is shown exemplary for flame A in Figure 5 and F in Figure 6 at a strain rate of = 16 s zone 1 is found at the oxidizer and zone 2 at the fuel side. Further at the fuel side, zone 3 is found with a sharp peak and the low endothermic zone 4 follows. In flame F (oxy-fuel combustion), a strong movement of zone 1 towards the oxidizer side is recognized and is almost only exothermic. Zone 2-4 are found at the fuel side (like in flame A), where the endothermic part of zone 2 overlaps with zone 3. In comparison to flame A, the zones get separated due to a shift to oxidizer (zone 1) and fuel side (zone 2-4). The endothermic zone 4 gets more distinct. In the following sections, the separation of the HRR zones and their peaks is used for analyzing the flame broadening in detail.
Flame broadening induced by increased flame temperature
The structure of the HRR and the temperature field are strongly correlated. The peak positions of the HRR zones for flame A-F at constant strain rate of = 16 s Zones 1 and 4 remain in position until their stabilization temperatures are exceeded. Then, the peaks of both HRR zones retain these temperatures. Since the temperature field is expanded with increased stoichiometric flame temperature, zone 1 and 4 start to spread into the flame and lead to significant flame broadening. Zone 2 and 3 move towards the fuel side, but their temperature levels increase strongly with the maximum flame temperature. Hence, the overlapping zones get separated with increased oxygen-enhancement/flame temperature and lead to an enlarged flame front. The H-O-radical pool (H, O and OH) is presented in Figure 8 for flames A-F at a strain rate of = 16 s
The H-radical pool shows its maximum at stoichiometric mixture fraction for air flames and shifts with increased flame temperature to the fuel side in the oxyfuel case. In contrast the O-and OH-pool shift to the oxidizer side. In case of oxyfuel combustion the radical pool is significantly replenished. The H-radical, the O-radial and the OH-radical show maximum concentrations of 4.3%, 4.9% and 10%. The ratios compared to air combustion are 34, 60 and 30 times, respectively.
The same trend with respect to the flame broadening in the temperature field is observed in the radical pool.
A strong impact on the HRR peaks by the choice of the reaction mechanism could not be found for a wide range of strain rates and/or oxygen-contents. In Figure 9 the HRR, calculated with different reaction mechanisms, for flame at a strain rate of = 16 s −1 is exemplary shown.
The positions of the peaks show the same trend, but are slightly different in magnitude. The choice of the reaction mechanism affects mostly the endothermic reaction zone, depending mostly on the chain size of the C-components, which is implemented in the mechanism. However, a calculation with the GRI 3.0 without C 2 -subset shows a strong offset of zone 4 and lowers the magnitude of zone 3, whereas zone 1 and 2 are unaffected.
An analysis of the data showed that the C 2 -pathway is preferred for fuel oxidation and fuel pyrolysis under oxy-fuel conditions. The recombination of the CH 3 - radical to C 2 H 6 leads to similar net rates of production and hence concentration in all flames. In oxy fuel flames, the consumption via 2CH 3 ↔ C 2 H 5 +H is more pronounced. The C 2 -pathway is additionally amplified by the reaction CH 2 +CH 3 ↔ H+C 2 H 4 . Recombination to methane via H+CH 3 (+M) ↔ CH 4 (+M) is observed in air flames, while under oxy-fuel conditions this path remains negligible. This observation supports [20] that the activation of the C 2 -pathway plays an important role at higher flame temperatures and has to be considered in high temperature regime.
Flame broadening induced by strain rate
In addition to the adiabatic equilibrium flame temperature, the strain rate strongly affects the flame appearance. By increasing the strain rate, diffusion effects become more pronounced and residence times are reduced [36] .
The maximum flame temperature as a function of the strain rate is presented in Figure 10 for all cases.
The maximum flame temperature at low strain rates is near equilibrium conditions and drops with increasing strain rate. Furthermore, it can be observed that in air combustion the maximum temperature drops more (both in absolute and relative numbers) than in oxy-fuel combustion. Hence, a high dissociation level is present in all cases of oxygen-enhanced flames. Beside the maximum temper- ature, a comparison with Figure 3 shows that the temperature gradient of the oxidizer side decreases.
The temperatures of the HRR peaks over strain rate for flame are presented in Figure 11 . The temperature of the peak of zone 2 is found to be near adiabatic equilibrium flame temperature, where the temperatures of zone 3 and 4 increase with increasing the strain rate. The endothermic reactions are suppressed due to small residence times and consequently the local zone temperature increases. Zone 1 shows almost a constant temperature at low strain rates, whereas at increased strain rates the temperature drops significant. Seshadri and Peters [11] showed by asymptotic analysis of CH 4 -air flames that extinction occurs at maximum flame temperatures below approximately 1600 K.
Cheng et al. [17] and Chen and Axelbaum [14] give an empirical temperature limit for extinction, when the temperature of the radical production zone falls below 1600 K and 1740 K, respectively. Similar limits were found in zone 1 in the present study, where a severe temperature drop in zone 1 occurs at high strain rates, which finally leads to the termination of the radical branching and thus to flame extinction. The global temperature field at the fuel side reveals more robustness to the strain rate. Similar conclusions were reported by Chelliah and Williams in [36] , where the flame extinction occurs on the oxidizer side.
The temperature of the HRR peak of zone 1 over the strain rate is plotted in Figure 12 for flames A-F. As long as the flame can sustain a sufficient temperature level, the temperature of zone 1 stabilizes at 2300 K independent of the adiabatic flame temperature. Further, the temperature of zone 1 increases slightly with increasing the strain rate and drops significantly, when the flame reaches extinction conditions. However, the results show that oxygen-enhanced flames with increased stoichiometric flame temperatures possess higher extinction limits following the same trend as demonstrated in [16] .
The minimum temperature limit in zone 1 depends on the flame conditions:
combustion with air as oxidizer showed limits of approximately 1650 K, whereas at oxy-fuel combustion lower extinction temperatures of 1250 K were detected.
Similar decrease of the extinction temperature was found in [14] by increasing the stoichiometric mixture fraction at same adiabatic flame temperature of 2250 K.
In this study, the position of the radical branching zone (zone 1) can be further shifted towards the oxidizer side at wider extinction limits. An analysis of the radicals and reaction rates present in zone 1 shows a pronounced increase in the HO 2 -pool due to reaction #35 (
, which is in competition with the main chain branching reaction #38 (H + O 2 ↔ O + OH). The molar fractions of the H-and HO 2 -radical as well the temperature profile are presented in Figure 13 . By increasing the strain rate and hence the diffusive transport, the concentration of the H-radical is shifted towards the oxidizer side into the low temperature regime. The peak of the H-concentration increases with strain rate but drops near extinction. At high strain rates, the peak concentrations of the HO 2 -radical are located at a temperature level of approximately 1000 K, which correlates with literature data of the cross over temperature of the reactions #35 and #38 in Yetter et al. [37] and Mueller et al. [38] . It should be highlighted that the temperature of the HRR peak of zone 1 remains at approx. 2300 K independent of the maximum flame temperature, which increases from flame A-F (Table 1 ). An exception is found in flame A, where the temperature level is overall not sufficient and a low radical pool for chain branching may be assumed. The results of Figure 12 reveal that oxygen-enhanced flames with higher flame temperatures show more resistance to extinction at higher strain rates and those findings are in accordance with the results in [14, 16] . The constant temperatures of those zones are responsible for the flame broadening in oxygen-enhanced flames with increased flame temperature. The reactions of zone 1 and 4 take place earlier due to the movement in the broadened temperature field towards the oxidizer (1) and fuel side (4) . The impact of the strain rate on the positions of the HRR is shown in Figure 14 for flame D. The flame front thickness slightly decreases in mixture fraction space with increased strain rate. At a strain rate of = 1000 s −1 , peak position of zone 1 moves backwards to the oxidizer side in the low temperature regime, which finally leads to extinction. The peaks of zone 2-4 shift towards stoichiometry. The pyrolysis zone does not move significantly. 
Flame thickness
In the following, the flame thickness is defined as the distance between the peak position of zone 1 and 4, where the main reactions take place. It is presented in Figure 15 as physical distance for flame A-F at various strain rates. The trends found in mixture fraction space can be directly transferred to physical space, since the same strain rates are compared.
The flame thickness decreases with strain rate and decreasing adiabatic flame temperature. It increases by a factor of approximately 10 from air to oxy-fuel combustion in the stable combustion regime far from extinction limits. The relationship between flame thickness and strain rate changes near extinction, where lower temperatures in the radical branching zone decelerate the combustion process resulting to an almost constant flame thickness with increasing strain rate in the vicinity of extinction. Additionally, the flame thickness was correlated to the diffusion thickness D , as the characteristic length scale in non-premixed flames, which is defined as
0.5 with the global diffusivity G and global strain rate [39] . The diffusivity was calculated for each inlet composition at the maximum flame temperature of every strain rate case according to [23] . The results for all six different flames are presented in Figure 16 . Diffusion effects are modified by oxygen-enhancement due to the higher temperatures leading to increased diffusion thickness D . However, the flame broad- ening effects at higher temperatures are stronger than the increase of the diffusion thickness leading to an increased flame thickness by a factor of approximately 8 from air to oxy-fuel combustion at constant diffusion thickness. Comparing the two different representations of the flame thickness in Figures 15 and 16 it becomes obvious that the enhancement of the diffusion transport at increased temperatures has only a minor contribution to the flame broadening.
The ratio of the flame thickness to diffusion thickness ( / D ) over the maximum flame temperature of each investigated case is shown in Figure 17 . The maximum flame temperature decreases with increasing strain rate, while this effect is less pronounced for oxygen-enhanced flames. However, the results show a general trend in an increase of the ratio of flame thickness to diffusion thickness with oxygen enhancement.
Furthermore it can be observed, that the ratios show a parabolic behavior for flames C-F. At low strain rates, the chemical time scales are adequate to create a proper radical pool and the combustion process takes place without kinetic limitations. Moreover, the oxygen-enhanced flames have sufficient high temperature levels in order to feed the radical branching (compare Figure 7) , even with increasing strain rates and decreasing maximum temperatures until a minimal ratio between flame thickness and diffusion thickness is reached. After this point kinetic limitations due to low flow time scales with increasing strain rate may be assumed and hence, the ratio of flame thickness to diffusion thickness increases. Here, the temperature drop in the shifted radical zone (zone 1, compare Figure 12 ) becomes more and more significant until extinction occurs.
Conclusions
The heat release rate structure in laminar oxygen-enhanced counter-flow CH 4 /N 2 -O 2 /N 2 non-premixed flames was investigated, where four different HRR zones and their major reactions were identified. The flame zones are classified in a radical chain branching (1), water/carbon dioxide production (2), methane oxidation (3) and pyrolysis (4) zone. In conventional air flames, the four zones are partially overlapping, while with oxygen-enhancement and hence increased flame temperatures a separation of the zones can be observed due to flame broadening.
In mixture fraction space, the higher temperatures lead to an increased chain branching radical pool on the oxidizer side as well as faster fuel decomposition on the fuel side. The flame broadening occurs due to a shift of the zone 1 towards oxidizer side and zone 2, 3 and 4 towards fuel side. Zones 1 and 4 are located at a constant temperature level independent of the varying flame temperature, as long as the flame temperature is high enough. The temperature level of zone 1 and 4 only depends on the strain rate.
The flame front of oxygen-enhanced flames with increased adiabatic flame temperature is spread in both mixture fraction and the physical space, whereas an increased strain rate leads to thinner flame fronts. The oxy-fuel flame leads to an approximately 10 times thicker flame front based on the proposed flame front thickness definition. The broadening of the flame is dominated by the shift of the radical branching zone towards the oxidizer side, especially when the flame temperature exceeds 2300 K. In this case the radical chain branching zone moves towards the oxidizer side and stabilizes at a fixed temperature of 2300 K. The breakdown of the temperature level of zone 1 and with it the chain branching radical pool is responsible for flame extinction. In zone 1, reaction #35 and #38 are competing and at high strain rates and lower temperatures the intense production of the HO 2 -radical decelerates the chain branching.
The limit of the extinction strain rate increases with increasing the adiabatic flame temperature. The pyrolysis zone gets more endothermic with increased flame temperature due to activation of the C 2 -pathway and hence, more soot production can be assumed.
